https://mc06.manuscriptcentral.com/bcb-pubs 
.
The substrate specificity of some glycoside hydrolases is very precise, whereas others can be permissive, with the ability to act on linkages with a range of stereochemistry or sugar substituents (Henrissat and Davies 1997) . Substrate specificity can change within an enzyme family in order to accommodate environmental pressure from substrate exposure resulting in evolutionary changes.
These changes can arise from gene duplication within an organism allowing for multiple genes to perform similar functions. When such an event occurs it can result in discrete changes, which ultimately can influence the secondary structure creating new functions within a single enzyme family (Koonin 2005) .
Family GH31 is a group of glycoside hydrolases found in all domains of life and can be observed in a variety of environments from acidic hotsprings to the human digestive system (Rolfsmeier and Blum 1995, Nichols et al. 1998 are of interest in relation to the human diet, specifically α-glucosidases, which are important enzymes in primary metabolism. α-glucosidases are responsible for the hydrolysis of dietary starch molecules resulting in the release of free-glucose. In humans, two family GH31 α-glucosidases are known to play a key role in the final stages of starch digestion and are identified as maltase glucoamylase (MGAM) and sucrose-isomaltase (SI) (Hunziker et al. 1986 , Van Beers et al. 1995 , Nichols et al. 2003 . These enzymes each contain two independently functional domains (N-terminal and C-terminal) and are believed to have evolved from a single ancestral gene (Nichols et al. 2003 , Naumoff 2007 . The environmental pressure that has led to duplication and divergence is believed to be D r a f t related to the structural complexity of its target substrate, starch (Hunziker et al. 1986 , Lin et al. 2014 , Pontremolil et al. 2015 .
A number of family 31 α-glucosidase structures have been solved, providing important structural information that can be related to function. These models include one from the Archaea domain, an α-glucosidase from Sulfolobus solfataricus (MalA, PDB code: 2G3M) (Ernst et al. 2006) . Three bacterial α-glucosidases that come from organisms inhabiting the human gut; two from the Gram-negative bacterium Bacteroides thetaiotaomicron (BT_3299, PDB code: 5DJW; BT_0339, PDB code: 5F7C) and one from the Gram-positive bacterium Ruminococcus obeum (renamed Blausti obeum)(Ro-αG1, PDB code: 3MKK) (Tan et al. 2010, Chaudet and Rose 2016) . Four structures from the eukaryote domain that include α-glucosidases from Homo sapiens (NT_MGAM, PDB code: 2QMJ; CT_MGAM, PDB code: 3TOP; NT_SI, PDB code: 3LPP) and an α-glucosidase from the plant species Beta vulgaris (SBG, PDB code: 3W37) , Ren et al. 2011 , Tagami et al. 2013 . Overall, these structures share a conserved three-dimensional architectural homology characterized as having four domains and 2 subdomains: an N-terminal β-sandwich domain, (β/α)8 barrel domain, insertion subdomain 1 and 2, and proximal Cterminal domain (Janeček et al. 2007 , Tagami et al. 2013 ).
Family 31 α-glucosidases demonstrate conserved catalytic residues with an aspartic acid as the nucleophile and a separate aspartic acid acting as an acid/base catalyst, which operate through a retaining mechanism of catalysis. Despite these enzymes having a common role of hydrolyzing starch glycans, it has been observed that these enzymes demonstrate varied activities (Sim et al. 2010 , Lee et al. 2012 , Chaudet et al. 2012 , Lin et al. 2014 . The range of their ability includes hydrolyzing α, 1-4 and/or α, 1-6 linkages between glucose residues or hydrolyzing short and/or long linear maltooligosaccharides (Tan et al. 2010 , Lee et al. 2012 , Chaudet et al. 2012 , Tagami et al. 2013 )( Table 1 ). The ability of this family to accommodate a range of starch D r a f t glycans is believed to result from the variations in starch structure that these enzymes are exposed to in their selective environments.
In this current study we are interested in investigating specific evolutionary changes that may have occurred over time that influence their ability to utilize starch substrates and ultimately result in changes in the secondary structure. Here we investigate the phylogenetic evolution of structurally solved family 31 α-glucosidases and assess the phylogenetic relationship within this family. We assess structural differences that have evolved within family GH31 α-glucosidases and provide evidence of single amino acid changes that contribute to functional divergences. Table 1 indicates the structures that were investigated in this study. We focused our analysis on experimentally solved structures of α-glucosidases as part of family 31 glycoside hydrolases. The computer program MUSTANG was used to generate a structure based multiple sequence alignment by aligning the protein structures (Konagurthu et al. 2010) . FastTree was used to generate a maximumlikelihood phylogenetic tree using the structure sequence alignment from MUSTANG (Price et al. 2009 (Price et al. , 2010 . Geneious software program was used to analyze alignments and phylogenetic trees (Kearse et al. 2012) . Constructed trees were unrooted, as no assumption was made regarding which sequence is closest to the common ancestor.
Methods

Phylogenetic Analysis of Family 31 α-glucosidase Structures
Predicted Evolutionary Changes in Family 31 α-glucosidase Structures
Phylogenetic analysis was completed in the program DIVERGE by the neighborjoining method using the structure sequence alignment and phylogenetic tree Vander Velden 2002, Gu et al. 2013) . Analysis of predicted changes were then mapped to the Protein Data Bank files for the solved structures (Berman et al. 2000 ).
These evolutionary differences were then assessed manually with a focus on regions D r a f t related to catalysis and substrate binding ( Table 2) . Analysis of these predicted residues was done with care due to the limitations of the sample population of 8 structures as reported in the PDB.
Comparison of Predicted Evolutionary Changes and Acarbose Binding
To aide in the analysis of predicted evolutionary changes, structures were analyzed in relation to a bound acarbose molecule. Structures that were experimentally solved with a bound acarbose included NT_MGAM (PDB code: 2QMJ), CT_MGAM (PDB code: 3TOP) and SBG (PDB code: 3W37) , Ren et al. 2011 , Tagami et al. 2013 . The structures of BT_3299 (PDB code: 5DJW) and BT_0339
(PDB code: 5F7C) were previously reported with a modeled acarbose molecule (Chaudet and Rose 2016) . Molecular modeling of acarbose was completed using Coot for structures that were not experimentally solved with a bound acarbose (Emsley and Cowtan 2004) . The structure of Ro-αG1 (PDB code: 3MKK)
was previously solved with a bound isomaltose molecule, which was used as comparison to guide the placement of an acarbose molecule (Tan et al. 2010 ). The homologous structure of NT_MGAM (PDB: 2QMJ) was also used in comparison with Ro-αG1. The structure of NT_SI (PDB code: 3LPP) was previously solved with a bound inhibitor kotalanol, which was used as comparison to guide the placement of an acarbose molecule (Sim et al. 2010 ). The structure 2QMJ was used to guide the placement of any remaining acarbose rings that are absent in kotalanol. Acarbose was modeled into the structure of MalA (PDB code: 2G3M) by using the structure NT_MGAM as guidance. In all cases the acarbose molecule was modeled in by superimposing the substrate onto the bound molecules in the comparative structures and used as a guide to place the inhibitor molecule.
Phylogenetic Analysis of Characterized Family 31 α-glucosidases
Sequences used in the evolutionary analysis of characterized family 31 α-glucosidases are shown in Supplementary (Edgar 2004) . Gaps were removed prior to phylogenetic tree construction to ensure accurate evolutionary analysis. FastTree was used to generate a maximum-likelihood phylogenetic tree using the modified multiple sequence alignment (Price et al. 2009 (Price et al. , 2010 . As referred to above, the software program Geneious was used to analyze alignments and phylogenetic trees (Kearse et al. 2012 ) with the constructed tree being un-rooted, due to no assumption regarding which sequence is closest to the common ancestor.
Results
Structural Evolution
The first step in the evolutionary analysis was the generation of a structural multiple sequence alignment of the structures as experimentally determined for family 31 α-glucosidases (Supplementary Figure 1) . Overall, there is little sequence similarity with some regions demonstrating high conservation. One of the common reported features of family 31 α-glucosidases is their signature catalytic sequence WiDMNE, where 'i' is variable (Ernst et al. 2006) . Observing this sequence in the sequence alignment we see there is a large variation in this region in B.
thetaiotaomicron BT_0339 (highlighted in Supplementary Figure 1 ). These differences were also observed structurally and were reported to reflect differences in substrate preferences (Chaudet and Rose 2016) . This initially gives us some insight into possible evolutionary differences within this family and interestingly within B. thetaiotaomicron.
A phylogenetic tree was constructed by the maximum-likelihood method using the above alignment (Figure 1) . Overall, the branch pattern in this tree was not surprising with eukaryotic and prokaryotic clusters. Interestingly, B.
thetaiotaomicron BT_3299 and BT_0339 are not evolutionarily close in this phylogenetic tree with BT_0339 showing close relatedness to the archeal organism S. solfataricus. Based on this observation, there appears to be some evolutionary D r a f t change that occurred within this organism in relation to the mechanism of an α-glucosidic enzyme. It also worth noting that R. obeum appears to cluster independently and is can be observed that this difference has arisen from the discrete substrate preference of this α-glucosidase for isomaltose.
Variability in Catalytic Region
The program DIVERGE was used to analyze functional divergence for structurally solved family GH31 enzymes α-glucosidases. By using the provided structure based multiple sequence alignment and the given phylogenetic tree, DIVERGE detected site-specific changes in evolutionary rate (Gu and Vander Velden 2002) . Analyzing these predictions in relation to biological evidence resulted in two structural regions where functional divergences are predicted to have occurred. These regions include the catalytic site and a looped substrate-binding region (Table 2) . Observing the first predicted change that occurs in the catalytic site allowed for the observation that this change could be involved in binding substrates in the +1 and +2 subsites. When we assess this amino acid change individually in each structure we find support of this residue having a role in substrate binding (Figure 2 ). The three human structures all demonstrate residues that interact with bound acarbose as observed with Thr204, Gln1158 and Gln232 in NT_MGAM, CT_MGAM and NT_SI respectively. The α-glucosidase structure from B. vulgaris was observed to have a predicted change to the amino acid Ile233 and structurally is in close proximity to the bound acarbose inhibitor in the +2 subsite. The structure of MalA has the predicted amino acid Asp346 observed to closely interact with a modeled acarbose in the +1 sub-site. Ro-αG1 structure was observed to have a predicted to change to the residue Asp74, which directly interacts with the bound acarbose substrate in the +1 subsite. Both B. thetaiotaomicron structures demonstrate a predicted amino acid change that is believed to influence substrate binding as observed through residues Tyr91 and Gly229 for BT_3299 and BT_0339 respectively. Tyr91 in the BT_3299 model is specifically believed to be involved in stabilizing bound substrates in the active site in the +1 subsite.
D r a f t
Variability in Looped Substrate-Binding Region
The second predicted evolutionary change as observed in DIVERGE occurs in a looped substrate-binding region in the assessed structures. The observed single amino acid change resides in the second subdomain just outside of the active site and is proposed to be involved in stabilizing longer bound substrates (Tagami et al. 2013 ). Predicted evolutionary changes in MalA and Ro-αG1 (B. thetaiotaomicron structures has unresolved regions that were not visible) are observed to occur in a helix bundle that is explicitly observed in these prokaryote structures. These predicted changes include Arg334 and Asp333 in Mala and Ro-αG1 respectively ( Figure 3A ).
Predicted changes in the looped binding region were also observed in the eukaryote structures and are positioned to also play a key role in substrate binding. Predicted changes include Arg471, His1449, Asp500 and Asn493 for NT_MGAM, CT_MGAM, NT_SI and SBG respectively ( Figure 3A ). All of these changes reside in a loop that is observed to be absent in the four prokaryote structures ( Figure 3B ). This observation gives insight into the possibility that this region evolved to accommodate specific starch glycans that are uniquely encountered by eukaryote α-glucosidases.
Phylogenetic Relationships in Characterized Family 31 α-glucosidases
A phylogenetic tree was constructed using characterized α-glucosidase protein sequences using the maximum-likelihood method (Figure 4 ). This analysis resulted in a number of branch clusters. The first cluster is composed of eukaryotic organisms consisting of mammals and plant species. The second eukaryotic cluster mainly includes fungal organisms. Archaea and bacteria form a cluster independently of the eukaryotic organisms. There are a number of interesting features of this tree. BT_3299 α-glucosidase from B. thetaiotaomicron is distant phylogenetically from BT_0339 and clusters more closely with the archaea group. 
Another interesting quality of this tree is the location of the
Eukaryote Signature Sequence
Comparison of the phylogenetic tree of characterized α-glucosidases with the solved structures allowed for the observation of an additional signature sequence within this family (Supplementary Figure 3A) . The sequence occurs at positions 877-879 in the multiple sequence alignment and is identified as 'ppY, where p is variable but predominantly proline. Interestingly, it is observed that this sequence is conserved in only characterized eukaryotic α-glucosidases and is not present in characterized prokaryote α-glucosidases. This region of eukaryotic conservation happens to fall in the evolved loop in subdomain2 and is related to the second predicted evolutionary change that occurs in the looped binding region (Supplementary Figure 3B) .
Discussion
Phylogenetic analysis derived from structural sequence alignment allowed for observations of family 31 α-glucosidases in relation to their ability to utilize maltooligosacchrides. The α-glucosidase from R. obeum is previously reported to preferentially hydrolyze isomaltose in comparison to linear maltooligosacchrides (Tan et al. 2010 ). This specificity is unique amongst the structurally analyzed family 31 α-glucosidases and we believe is reflected in its branching in the phylogenetic tree. This organism resides in the human colon, which is a diverse competitive environment. In order to out compete surrounding organisms perhaps R. obeum developed a distinct α-glucosidic ability to use starch-derived glycans in the human colon. The observation of BT_0339 having a higher relatedness to MalA as observed in Figure 1 and 4 reveals that this enzyme may have some ancient origin and that BT_3299 is more closely related to the eukaryote organisms. As previously reported, NT_MGAM is more closely related to NT_SI and as evident in the tree, these enzymes cluster closer together than to CT_MGAM. Though these N-terminal domains have D r a f t slightly different substrate preferences, it can be observed that they both in general are able to bind and hydrolyze bulkier maltooligosacchrides (linear starch glycans and branched starch glycans) and this could reflect their evolutionary relatedness.
This observation contributes to the hypothesis that these domains originate from a common ancestral gene (Nichols et al. 2003) .
A number of changes that we propose influence substrate binding in family 31 α-glucosidases can be observed from this analysis. The first change involves residues in the +1 and +2 sugar binding site in the catalytic centre. This was observed in NT_MGAM with evidence from previous structural observations. It was previously observed that Asp203 was involved in binding acarbose in the +1 sub-site of NT_MGAM and provides evidence that a change at the amino acid Thr204 could influence substrate binding . The structure for NT_SI demonstrated a water molecule interacting with Gln232 similarly to what we are predicting here.
A change to this specific residue would have specifically influenced sugars binding in the +1 subsite of NT_SI. Similarly, it was observed in CT_MGAM that D1157
interacted directly with acarbose in the +1 subsite and therefore provides support for our prediction that a change to the amino acid Gln1158 could influence the binding of starch molecules. Structural mutational studies of Ro-αG1 resulted in observed structural differences in the residue Asp73 resulting in observed structural disorder in loop β7c_α7c and β8c_α8c causing a lack of bound substrate in the active site (Tan et al. 2010) . Enzyme assays involving this mutant (D73A) resulted in significant decrease in enzyme activity in the presence of maltooligosacchrides (Tan et al. 2010 ). These observations provide support for our proposal that the neighboring residue Asp74 has a key role in substrate binding and an evolutionary change to this residue would have influenced the catalytic abilities of this enzyme. It is also thought that a similar interaction exists within the Bacteroides structures based on modeling of acarbose within the models. Based on these results we suggest that a change in the +1 and +2 sugar binding site could strongly impact how substrates bind overall in the catalytic site of family 31 α-glucosidases.
D r a f t
The second predicted evolutionary change involves a secondary site that is proposed to be involved in substrate binding. Predicted changes to the helix bundle observed in MalA and Ro-αG1 are supported by structural observations. In the structure of Ro-αG1 researchers reported that the helix bundle was an important element in the dimerization of the crystal structure (Tan et al. 2010 ). This structural feature was also observed with MalA and it was reported that the helix bundle was an integral component to stabilizing the crystal packing (Ernst et al. 2006 ). These observations support our prediction that the evolutionary change of a specific residue in the helix bundle is believed to influence the secondary structure of these enzymes and ultimately could play a role in catalysis. A similar predicted change was observed within a loop specific to the eukaryotic structures and is also supported by previous structural observations. This structural feature was predicted to be involved in binding long starch glycans in the +4 subsite in SBG structure (Tagami et al. 2013) . NT_MGAM, CT_MGAM and NT_SI are all observed to have the ability to utilize linear maltooligosacchrides and therefore, are structurally thought to involve additional binding sites outside the catalytic site of -1/+1 subsites ( Figure 3B ). CT_SI has been observed to utilize both sucrose and maltosederived substrates; further supporting the evolved ability of this group of enzymes ). This predicted evolutionary divergence is further supported in the recognition of a eukaryotic specific signature sequence of 'ppY', as our results suggest that this characteristic region allows for the binding larger starch-based sugars. This gives support to the previous observation of the SBG structure and the prediction of additional sugar binding subsites existing in this region, which allows this plant α-glucosidase to bind and hydrolyze long-chain maltooligosaccharides (Tagami et al. 2013 ). We believe this evolved ability to accommodate longer starch substrates is reflected in the evolution of our dietary starch. Over evolution the availability of dietary starch has increased and as a result our digestive system has been exposed to an increase in diverse starch based polymers. This environmental change has allowed for our α-glucosidases (MGAM and SI) to adapt in order to extract the maximum amount of glucose from our diet.
In general, our phylogenetic analysis demonstrated typical clustering of branches amongst domains and phyla, but also provided evidence of interesting patterns of evolution. BT_0339 and BT_3299 from B. thetaiotaomicron were observed to not cluster together as one would imagine with BT_0339 being closer related to certain archeal organisms. Based on this result we believe these enzymes did not arise from a gene duplication event and that perhaps one of these paralogs was obtained by means of horizontal gene transfer. Alternatively, this divergence could reflect some form of species divergence that is specific for B.thetaiotaomicron. It is also believed that BT_0339 being closely related to genes derived from the archaea domain reflects the origin of BT_0339 being evolutionarily ancient as stated above. These paralogs in B. thetaiotaomicron could be evolution artifacts, gene redundancies that have yet to be removed from the genome, or alternatively they could perform discrete functions that are necessary for utilizing diverse forms of starch that exist in our diet. Focusing on the specific functions observed for the α-glucosidases involved in human digestion, we propose that these enzymes adapted alternative mechanisms in order to be able to utilize available substrates derived from dietary starch. The gut microbiome is a highly populated and competitive community and as a result inhabiting organisms must acquire or evolve enzymatic mechanisms in order to thrive in such a population. The phylogenetic relationship between the human enzymes MGAM and SI is one that is interesting, and our results support the notion that the divergence of these enzymes likely occurred prior to mammalian evolution as a result of the relatedness to distant species (Naumoff 2007) . It is likely from our analysis that the common ancestor of these enzymes is one that occurs quite distantly in the phylogenetic tree of life in relation to H.sapiens and the sequence differences that exist between MGAM and SI likely occurred prior to the emergence of H.sapiens.
The observed evolutionary changes that have occurred within this family of enzymes are focused on changes that influence substrate binding. Overall, we
propose that these changes influence the ability to utilize longer starch glycans in D r a f t addition to smaller oligosaccharides (Tagami et al. 2013 -4) and/or α(1-6)) are provided with the length of oligosaccharide as identified by the number of glucose residues (G2:maltose, G4:maltotetraose, G6:maltohexaose). Supplementary Table 1 Characterized Family 31 α-glucosidases used in evolutionary analysis. 
